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0.1 um=r;<Sum S50mSErns=204m

30 I PRy '\ 40
A 108
\IN\ININNINNY N

\

?"

DOVDIDS
DOOOOOS

R

~secccsol) ()
- Besssss© © €
s NNV o
SOTTOOS <
/l:\ sossooll) €

21A N 21B
B R L S —————— S — -
(Thickness :20~30 £ m) (Thickness :20~30 £ m)



U.S. Patent Nov. 21, 2006 Sheet 4 of 9 US 7,138,208 B2

FIG.5
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RECHARGEABLE LITHIUM ION BATTERY

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a rechargeable lithium 10n
battery and more specifically, to a rechargeable lithium 1on
battery in which power density 1s increased.

2. Description of the Related Art

Research of various secondary batteries, which can be
used for a long period of time and rechargeable as a power
source of various electronic devices and electric appara-
tuses, has been made. Among others, active research and
development have been made for a rechargeable lithium 10n
battery having characteristics such that higher energy den-
sity and higher power density can be realized 1n comparison
with secondary batteries commercially available such as
nickel-cadmium storage batteries and nickel-hydrogen stor-
age batteries. The rechargeable lithium 10n battery 1s com-
mercialized as a power source of portable electric devices
such as a cellular phone, a camcorder and a laptop personal
computer.

In addition, interest in an electric vehicle and a hybnd
vehicle has been increasing so as to solve the problems of
environmental pollution of the earth and greenhouse effect
of the earth. Application of the rechargeable lithium 1on
battery as a power source of such vehicles has been
expected.

In applying the rechargeable lithium 1on battery to
vehicles and the like, the battery 1s used as a battery module
in which a plurality of the batteries are connected 1n series
to obtain high power density. The battery module also has
advantages of easy control and high stability.

The rechargeable lithium 10n battery has important char-
acteristics such as energy density (1.e. energy per unit weight
or energy per unit volume), power density (i.e. power per

unit weight or power per unit volume) and cycle character-
istic. Japanese Laid-Open Patent Publications H11-31498
(published 1n 1999), H11-297354 (published in 1999) and
H11-329409 (published 1n 1999) disclose technologies for

improving the characteristics.

SUMMARY OF THE

INVENTION

The Japanese Laid-Open Patent Publications H11-31498
discloses a method for improving capacity and cycle char-
acteristic of batteries by adjusting the specific surface area of
clectrode active materials and the porosity of the electrode
active material layer. However, although the relation
between the specific surface area and the porosﬂy of the
clectrode active matenal - ayer 1s considered, suilicient con-
sideration 1s not given for the relative operation of the
particle diameter of the electrode active materials, the elec-
trode thickness and the porosity. Accordingly, suflicient
power density cannot be obtained depending on the condi-
tions of the electrode thickness and the particle diameter, and
improvement of the rechargeable battery performance 1is
limited only by the adjustment of the specific surface area
and the porosity of the electrode active matenal.

Although the Japanese Laid-Open Patent Publication
H11-297354 discloses a method for defining the concentra-
tion of electrolyte, 1t does not describe the correlation
between the particle diameter of the active material or the
clectrode thickness and the concentration of the electrolyte.
Accordingly, the power density cannot be eflectively
increased even 1f the concentration of the electrolyte is
increased depending on the conditions of the particle diam-
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2

eter of the active material and the electrode thickness
because the lithium 1on conductivity of electrolytic solution
1s reduced.

In addition, the Japanese Laid-Open Patent Publication
H11-329409 discloses a method for improving the power
density of the rechargeable lithium 10n battery by defining
the coating thickness of the electrode active material and the
particle diameter of the active material. However, according,
to this method, there 1s a case where the energy density 1s
reduced although the power density 1s 1ncreased.

If the lithium rechargeable battery 1s used for an electric
vehicle or a hybrid vehicle, high energy density 1s important
to increase driving range and improved power density 1s also
important to obtain a good acceleration.

The object of the present mmvention 1s to provide a
rechargeable lithium 1on battery which 1s capable of being
used as an energy source for a vehicle and improving the
power density without reducing the energy density.

To achieve the object, a first aspect of the present mnven-
tion provides a rechargeable lithium ion battery which
comprises a positive electrode; a negative electrode; and
non-aqueous electrolytic solution, in which the positive
clectrode comprises an active material layer containing a
positive electrode active material with the particle diameter
of 5 um or less and having the thickness at a range of 20 to
80 um. Also porosity of the active material layer 1s 50% or
more.

According to the first aspect of the present invention,
since the particle diameter of the positive electrode active
material 1s 5 um or less, the migration speed of lithium 10on
1s not determined by diffusion of lithium 10n in the positive
electrode active material. Moreover, since the thickness of
the active material layer 1s set at a range of 20 to 80 um,
shortage of the amount of the positive electrode active
material 1n the thickness direction can be prevented within
a range where the power density can be maintained. Also
since the porosity of the active material layer 1s 50%, there
1s enough electrolyte solution 1n the active matenial layer to
prevent a decrease i1n the power density. As a result, the
power density can be increased without reducing the energy

density.

Further, a second aspect of the present invention provides
a rechargeable lithtum 10n battery which comprises a posi-
tive electrode; a negative electrode; and a non-aqueous
clectrolytic solution, in which the positive electrode has two
active material layers, each of which contains a positive
clectrode active material with a different diameter and has a
thickness at a range of 20 to 30 um inclusively.

According to the second aspect of the present invention,
since the active material layers have the different particle
diameters, usage rate of the positive electrode active mate-
rial in the layer thickness direction can be adjusted. More-
over, reduction of the energy density can be prevented by
setting the thickness of each active material layer at a range
of 20 to 30 um. Therefore, the power density can be
increased without reducing the energy density.

Still further, a third aspect of the present invention pro-
vides a vehicle which comprises the above rechargeable
lithium 10on battery which has the first aspect or the second
aspect.

BRIEF DESCRIPTION OF THE

DRAWINGS

FIG. 1 1s a perspective view showing a structure example
ol a rechargeable lithium 1on battery according to embodi-
ments of the present mvention.
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FIG. 2 1s a schematic sectional view showing a structure
example of an active material layer 1n a positive electrode
according to the embodiments of the present invention,
which shows the active material layer where the porosity
and the thickness are defined.

FIG. 3 1s a schematic sectional view showing a structure
example of an active material layer in a positive electrode
according to the embodiments of the present invention,
which shows the active material layer having two layers of
the diflerent porosities.

FIG. 4 1s a schematic sectional view showing a structure
example of an active material layer i a positive electrode
according to the embodiments of the present invention,
which shows the active maternial layer having two layers
where the particle diameters of the positive electrode active
materials are diflerent.

FIG. 5 1s a graph showing the relation between the
thickness of the active material layer (in the positive elec-
trode) and the power density of the rechargeable lithtum 10n
battery 1n each of example 1, comparative example 1 and
comparative example 2.

FIG. 6 1s a graph showing the relation between the layer
structure of the active material layer and the power density
of the rechargeable lithium 1on battery 1n each of example 2,
example 3 and example 4.

FIG. 7 1s a graph showing the relation between the layer
structure of the active material layer and the energy density
ol the rechargeable lithtum 1on battery 1n each of example 2,
example 3 and example 4.

FIG. 8 1s a graph showing the relation between the layer
structure of the active material layer and the power density
of the rechargeable lithium 1on battery in each of example 5
and example 6.

FIG. 9 1s a graph showing the relation between the layer
structure of the active material layer and the energy density
of the rechargeable lithium 1on battery in each of example 5
and example 6.

FIG. 10 1s a graph showing the relation between the layer
structure of the active material layer in the positive electrode
and the power density of the rechargeable lithium 1on battery
in each of comparative example 3 and example 6.

FIG. 11 1s a graph showing the relation between the layer
structure of the active material layer and the energy density
of the rechargeable lithium 10on battery 1n each of compara-
tive example 3 and example 6.

FIG. 12 1s a graph showing the relation between the
particle diameter of the positive electrode active maternal
and the power density of the rechargeable lithtum 10n battery
in each of example 7 and comparative example 4.

FIG. 13 1s a graph showing the relation between the
thickness of the active material layer and the power density
of the rechargeable lithium 1on battery in each of example 8
and example 9.

DETAILED DESCRIPTION OF TH.
INVENTION

(Ll

The rechargeable lithium 1on battery according to
embodiments of the present invention i1s a chargeable-
dischargeable battery comprising a positive electrode and a
negative electrode, which can be reversibly intercalated with
lithium 10on, and non-aqueous electrolyte exhibiting lithium
ion conduction. The positive electrode and the negative
clectrode are separated by a separator to prevent them from
contacting directly with each other to make a short circuat.

FIG. 1 shows a structure example of the rechargeable
lithium 10on battery called jelly roll type. As shown 1n FIG.
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4

1, a wound device 1n a roll fashion, which includes a positive
clectrode 1 with a positive electrode active material coated
on both surfaces of a metal fo1l collector (1.e. a collecting
clectrode), a negative electrode 2 with a negative electrode
material coated on both surfaces of a metal fo1l collector
similarly, and a separator 40 interposed between the both
clectrodes, 1s accommodated 1n a cylindrical sealing case 4.
An electrolyte (electrolytic solution) 1s filled between the
positive electrode 1 and the negative electrode 2.

Other than the jelly roll type as shown in FIG. 1, there
exists a structure 1 which the positive electrode, the sepa-
rator and the negative electrode, which are shaped 1n sheets,
are layered in order, as the rechargeable lithium 1on battery.

As the positive electrode active material, lithium metal
oxide, various types of widely known positive electrode
active materials such as complex oxide 1n which a part of the
lithium metal oxide 1s substituted with other elements and
manganese oxide can be used appropriately. Specifically, as
the Iithum metal oxide, LiCoO,, LiNi1O,, LiMnQO.,,
LiMn,O,, L1,FeO,, L1,V 0O, and the like are listed. As the
complex oxide 1n which a part of the lithium metal oxide 1s
substituted with other elements, L1.Co,M,O, (M 1s Mn, Ni,
V or the like), L1,Mn,M,O, (M 1s L1, N1, Cr, Fe, Co or the
like) and the like are listed. As the manganese oxide,
A-MnO,, composite of MnO, and V,0O., MnQO,...V,O.
(0<,=0.3) as aq ternary complex oxide, and the like are
listed.

As the negative electrode active material, carbon material

such as hard carbon, soft carbon, graphite and activated
carbon, and metal oxide such as SnB,P,O,, Nb,O.,

[L1T1,0,, LiFe,N; and LiMn.N,- can be used singly or 1n a
mixed state. Herein, the hard carbon means the carbon
material that 1s not graphitized when heat treatment 1s
performed at 3000° C. The soft carbon means the carbon
material that 1s graphitized when heat treatment 1s performed
at a range of 2800° C. to 3000° C. Note that various well
known technologies can be used for manufacturing the hard
carbon, such as a method using furan resin, an organic
material 1n which oxygen 1s bridged to petroleum pitch
having an H/C atomic ratio at a range of 0.6 to 0.8 inclu-
sively as a starting substance. And, for manufacturing the
soit carbon, a method using coal, high polymer (polyvinyl
chloride resin, polyvinyl acetate, polyvinyl butylate or the
like), pitch or the like as the starting material can be used.

As a method for fabricating the positive electrode by
forming the active material layer on the collector, for
example, a method of manufacturing the positive electrode
1s used, 1n which the positive electrode active material 1s
mixed with a binder 1n a solvent to be in a paste state, and
the paste 1s coated on the positive electrode collector, and
dried.

In addition, as a method for fabricating the negative
clectrode by forming the negative electrode active material
layer on the negative electrode collector, a method 1n which
the negative active material 1s mixed with a binder 1n a
solvent to be 1n a paste state, and the paste 1s coated on the
negative electrode collector, and dried, can be used. The
paste 1s normally coated on the both sides of the collector.
Note that a conductive substance such as carbon black,
graphite and acetylene black may be added to the paste. It 1s
preferable that the mixing ratio of the active material and the
binder 1s approprately determined for the shape of the
clectrode.

As the collector, various materials used in the recharge-
able lithium 10n battery can be used. Specifically, an alumi-
num foil and a copper o1l are listed as the positive electrode
collector and the negative electrode collector respectively.
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Polyvinylidene tluoride (PVDF), polytetratluoroethylene
and the like can be listed as the binder, and various kinds of
a polar solvent can be used as the solvent. Specifically,
dimethylformamide, dimethylacetamide, methyliformamaide,
N-methylpyrrolidone (INMP) and the like can be listed. Note
that N-methylpyrrolidone 1s preferably used when polyvi-
nylidene tluoride 1s used as the binder.

As the non-aqueous electrolytic solution, various kinds of
solvent exhibiting lithium 1on conduction are preferable,
where cyclic ester carbonate such as ethylene carbonate
(EC), propylene carbonate (PC) and butylene carbonate
(BC) can be used singly or by appropriately mixing them.
Moreover, to increase the electric conductivity and to obtain
the electrolytic solution having an appropriate viscosity,
dimethyl carbonate (DMC), diethyl carbonate (DEC), v-bu-
tyrolactone, v-valerolactone, ethyl acetate, methyl propi-
onate and the like can be used 1n combination.

LiPF., LiBF,, LiClO,, LiAsF., LiCF;SO, and the like
can be listed as the electrolyte i the non-aqueous electro-
lytic solution.

A micro porous film of polyolefin based resin such as
polyethylene and polypropylene can be used as the separa-
tor.

The rechargeable lithium 1on battery according to this
embodiment can be manufactured by appropriately combin-
ing the above-described positive electrode, negative elec-
trode, non-aqueous electrolytic solution and separator. In
addition, various kinds of substance and shape can be
applied for the battery canister, the battery shape and the
like.

Next, a first feature of the rechargeable lithium 1on battery
according to this embodiment will be explained.

As shown 1 FIG. 2, the rechargeable lithium 1on battery
according to this embodiment has a positive electrode com-
prising a collector 30 (1.e. a collecting electrode) and an
active material layer 20 formed on the collector 30. The
active material layer 20 contains positive electrode active
material 10. The particle diameter of the positive electrode
active material 10 1s set to 5 um or less, and more preferably
to 1 wm or less, and the thickness of the active material layer
20 1s set to a range of 20 to 80 um, and more preferably to
at a range of 20 to 30 um.

For example, the active material layer 20 1s obtained by
mixing various kinds of components such as the positive
clectrode active material 10 and the binder 1n the solvent to
make paste, coating the paste on the surface of the collector
30 and drying the coated paste. When the active material
layers are formed on the both sides of the collector 30
according to a normal method, each of the active material
layers 1s made to be an independent active material layer.
Further, the particle diameter of the positive electrode active
material 10 means an average particle diameter.

Moreover, in the rechargeable lithrum ion battery the
surface of the active matenial layer 20 substantially contacts
a separator 40, and void portions 1n the active material layer
are filled with electrolytic solution 50. The positive electrode
and the negative electrode are reversibly intercalated with
lithium 10ns. At the time of discharging the rechargeable
lithium 10n battery lithtum 1ons migrate (1.e. move) to the
positive electrode via the electrolytic solution from the
negative electrode.

If the particle diameter of the positive electrode active
material 10 1s large, lithium 1on diffusion 1n the positive
clectrode active material 10 particle 1s 1n a rate-determining
step (1.e. controls the rate of reaction) at the time of
discharging a large current rather than the migration of
lithium 10n 1n the electrolytic solution 50 in the electrode 1n
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6

the layer thickness direction of the active matenal layer,
which 1s a cause for the power density reduction. Accord-
ingly, 1t 1s preferable that the particle diameter of the positive
clectrode active material 10 1s 5 um or less. Although the
lowest limit value of the particle diameter of the positive
clectrode active material 10 1s not particularly limited, 0.1
wm or more 1s appropriate practically. In addition, if the
thickness of the active maternial layer 20 1s smaller than 20
um, the power density becomes small due to shortage of the
positive electrode active material amount, which 1s not
preferable. On the other hand, 11 the thickness exceeds 80
um, internal resistance 1s increased and the power density
becomes small, which 1s also not preferable.

Under the condition that the particle diameter of the
positive electrode active material 10 1s small such that the
particle diameter of the positive electrode active material 10
1s 5 um or less, the migration of lithium 10n 1n the electro-
lytic solution 50 in the electrode in the layer thickness
direction 1s considered to be in the rate-determiming step at
the time of discharging the large current. Accordingly, 1f the
porosity of the active material layer 20 becomes large, the
clectrolytic solution amount in the electrode increases and
the migration power of lithtum 10n 1n the electrolytic solu-
tion 1 the electrode 1n the layer thickness direction
increases. Thus, the power density 1s further increased.
However, 1 the porosity of the active material layer 20 1s
less than 50%, the electrolytic solution amount cannot be
secured 1n accordance with the amount of the positive
clectrode active material 10. Thus the resistance increases to
reduce the power density. Therefore, the porosity of the
active maternial layer 20 1s preferably 50% or more. In
addition, 1 the porosity exceeds 60%, shortage of the
amount of the positive electrode active material 10, that 1s,
reduction ol a positive electrode surface area makes the
power density gradually reduced. Accordingly, the porosity
1s more preferably at a range of 50 to 60%.

On the contrary, under the condition that the particle
diameter of the positive electrode active material 10 1s larger
than 5 um, the lithium 1on diffusion 1n the positive electrode
active material 10 1s 1n the rate-determining step. Therelore,
the power density cannot be increased even 1f the porosity 1s
raised to increase the amount of the electrolytic solution 50
in the electrode. The power density i1s rather decreased
because the amount of the positive electrode active material
10 1s reduced.

As described above, the thickness of the active material
layer 20 1s preferably 20 um or more to increase the power
density by defining the porosity of the active matenial layer
20. This 1s because the influence of the lithium 10n migration
in the electrolytic solution 30 1n the electrode 1n the layer
thickness direction and the porosity 1s small when the layer
thickness 1s thin.

The active material layer 20 may have a structure where
a plurality of active material layers having their mean
porosities positively changed to be different from other are
layered. For example, as shown 1n FIG. 3, the active material
layer may have a two layer structure having active material
layers 20A and 20B, each of which has a different porosity.
In this case, the power density can be increased without
sacrificing the energy density. Specifically, 1t 1s preferable
that the porosity of the active material layer 20B closer to the
separator 1s made larger and the porosity of the active
material layer 20A closer to the collector 1s made smaller.
The amount of the electrolytic solution 50 1n the vicinity of
the separator 40 can be increased and the migration power
of lithium 10n can be increased by making the porosity of the
active material layer 2GB adjacent to the separator 40 large.
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Moreover, a usage rate of the positive electrode active
material 10 1n the vicimity of the collector 30 can be
increased by making the porosity in the vicimty of the
collector 30 small. Considering the above characteristics, the
power density can be effectively increased by balancing the
diffusion 1n the positive electrode active material 10 and the
migration 1n the electrolytic solution 350. Since the energy
density 1s influenced by an average ol respective mean
porosities of layers 20A and 20B and the active material
amount of the active material layer 20, the power density can
be increased without sacrificing the energy density by appro-
priately adjusting the average porosity and the amount of the
active material. For example, an electrode having the single
active matenal layer of the porosity of 50% and the thick-
ness of 60 um, as 1n FIG. 2, and an electrode that consists
of a layered active material layer, which has a first active
material layer of the porosity of 40% and the thickness of 30
um closer to the collector and a second active material layer
of the porosity of 60% and the thickness of 30 um closer to
the separator, as in FIG. 3, have the equal energy density.
This 1s because the average porosities and the amounts of the
active material of the two electrodes are equal.

As shown 1n FIG. 3, 1in the case where the electrode
includes two active material layers 20A and 20B having the
different porosities, the thickness of the active material
layers 20A and 20B 1s preferably at a range of 20 to 30 um,
and more preferably at a range of 20 to 25 um. The thickness
may be different between the active matenal layers 20A and
20B. This 1s because the energy density tends to become
small 11 the thickness of each of the active material layers
20A and 20B 1s more than 30 um, and the usage rate of the
active material layer 20A closer to the collector 30 increases
if less than 30 um. The porosity of the active material layer
20A closer to the collector 30 1s preferably 30% or more and
less than 50%, and more preferably 40% or more and less
than 50%. The porosity of the active material layer 20B
closer to the separator 1s preferably at a range of 50% to
60%, and more preferably at a range of 50% to 55%. More
ellect can be obtained by adjusting the porosity within the
above ranges.

Next, a second feature of the rechargeable lithium 1on
battery according to this embodiment of the present inven-
tion will be explained.

As shown 1n FIG. 4, the rechargeable lithium 10n battery
according to this embodiment comprises active material
layers 21 A and 21B respectively containing positive elec-
trode active materials 10A and 10B with the different
particle diameters 1 the positive electrode. The power
density can be increased by this constitution.

Generally, the migration of lithtum 10n 1n the electrolytic
solution in the electrode 1n the layer thickness direction of
the active material layer tends to be 1n the rate-determining,
step at the time of discharging the large current. Accord-
ingly, sutlicient lithium 1on does not reach the vicinity of the
collector, the positive electrode active material cannot be
utilized eflfectively, and thus the power density tends to be
reduced.

To solve this problem it i1s preferable that the particle
diameter of the positive electrode active material near the
separator 40 1s made to be larger. Accordingly, the electrode
surface area near the separator 40 1s reduced, the usage rate
ol the positive electrode active material near the separator 40
1s reduced, and thus lithium 10n can migrate more easily to
the vicimity of the collector 30. As a result, the usage rate of
the positive electrode active material near the collector 30
increases, and the usage rate of the electrode active material
1s totally increased, thus increasing the power density. The
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amount of the positive electrode active material 1s appro-
priately adjusted such that the total amounts in the active
material layer of the single layer structure and 1n the active
maternal layer of the two layer structure become equal, and
thus the power density can be increased without sacrificing
the energy density.

The advantage from adopting the active material layer of
the two layer structure exhibits when the particle diameter of
the positive electrode active material 10B near the separator
40 1s so large that the usage rate of the positive electrode
active material near the separator 40 1s reduced. Therefore,
if the thickness of the active material layer 21B closer to the
separator 40 1s thicker than required, the usage rate of the
positive electrode active material 10B near the separator 40
1s increased. Thus, the advantage of the two layer structure
becomes small, which 1s not preferable. The power density
1s also reduced 1if the thickness of the active material layer
21A closer to the collector 30 1s thicker than required, which
1s not preferable. Therefore, the thickness of each layer 1s
preferably 30 um or less, and more preferably 25 um or less.
The lowest limit value of the thickness of each active
material layer i1s preferably 20 um 1n order to prevent
reduction of the energy density. This 1s because the weight
ratio of the collector and the like 1n the battery becomes large
if the thickness of the active material layer 1s less than 20
L.

Moreover, 1 the particle diameter of the active material
layer 21 A closer to the collector 30 1s 5 um or more, or 1f the
active material particle diameter of the active matenal layer
21B closer to the separator 40 1s less than 5 um, the effect
of increasing the power density becomes small, which 1s not
preferable. The lowest limit value of particle diameter r1 of
the positive electrode active material 10A closer to the
collector 30 1s not particularly limited. But, it 1s practically
appropriate that the value 1s 0.1 um or more. It 1s preferable
that the upper limit of the particle diameter r2 of the positive
clectrode active matenial 10B of the active material layer
20B closer to the separator 40 1s appropriately selected 1n a
range where the active maternial particle diameter does not
become larger than the thickness of the active matenal layer.
From the above viewpoint, the particle diameter of the
positive electrode active material 10A of the active material
layer 21A closer to the collector 30 1s preferably 0.1 um or
more and less than 5 um, and more preferably 1 um or more
and less than 5 um. The particle diameter of the positive
clectrode active material of the active material layer 21B
closer to the separator 40 1s preferably at a range of 5 um to
20 um 1inclusively, and more preferably at a range of 5 um
to 10 um.

Note that the particle diameter of the positive electrode
active material can be adjusted by the particle diameter of
the starting material or classification thereof, and the poros-
ity of the active material layer can be adjusted by changing
pressure when pressing the layer after the paste containming,
the positive electrode active material and the conductive
material 1s coated on the collector and dried.

In the above description, the two layer structure 1s mainly
explained, however, the similar effect can be obtained by
adjusting the porosity of the active material layer, the
particle diameter of the active material and the thickness of
the active material layer even 1f the layer structure has a
multi-layer structure of three layers or more.

In the case of adopting the multi-layer structure, coating,
can be sequentially formed to n-th layer by a method 1n
which a first layer 1s coated on the collector and a second
layer 1s coated thereon. Alternatively, the multi-layer struc-
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ture also can be formed by utilizing the difference of the
sedimentation velocity of the particles of the different sizes.

In the rechargeable lithtum 10n battery of this embodiment
described above, 1t 1s preferable that the positive electrode
active material 1s lithium manganese oxide from the view-
point of obtaining a high power density. Since manganese 1s
much more mexpensive than cobalt and nickel and abundant
as resource, 1t 1s also preferable from the viewpoint of a

manufacturing cost. Specific examples of the lithium man-
ganese oxide, LiMnO, and LiMn,O, are listed.

In order to increase the power density in the rechargeable
lithium 10n battery of this embodiment, the electrolyte
concentration of the non-aqueous electrolytic solution 1s
preferably at a range of 1.0 to 3.0 mol/l, and more preferably
at a range of 1.5 to 2.5 mol/l. By using the electrolytic
concentration in the above ranges, the diflusion 1n the active
material and the migration in the electrolytic solution are
balanced and the preferable power density can be obtained.

When the particle diameter of the positive electrode active
material 1s small, or when the porosity of the active maternal
layer 1s large, the migration of lithium 1on 1n the electrolytic
solution in the electrode 1n the layer thickness direction 1s 1n
the rate-determining step at the time of discharging the large
current. Accordingly, 11 the electrolyte concentration 1s made
large, concentration polarization 1s controlled and the migra-
tion power of lithium 1on 1n the electrolytic solution in the
clectrode 1n the layer thickness direction increases, thus the
power density increases. I the electrolyte concentration
exceeds 3.0 mol/l, influence of the lithium 10on conductance
of the electrolytic solution emerges to reduce the power
density, which 1s not preferable. And, 1f the electrolyte
concentration 1s less than 1.0 mol/l, the internal resistance of
the battery increases, which 1s also not preferable. A voltage
at the time of discharging can be held at a high level and
stabilized by adjusting the electrolyte concentration at the
range of 1.5 to 2.5 mol/l.

The relation between the particle diameter of the positive
clectrode active material and the electrolyte concentration
could also influence the power density. Specifically, when
the particle diameter of the positive electrode active matenal
1s larger than 5 pum, lithium ion diffusion in the positive
clectrode active material particle 1s in a rate-determining
step at the time of discharging the large current rather than
the migration of lithtum 10n 1n the electrolytic solution in the
clectrode 1n the layer thickness direction. Accordingly, the
influence of the concentration of the electrolytic solution 1s
small, and the power density does not increase as expected
even 1 the electrolyte concentration 1s increased. Therefore,
when the active material layer 1s formed 1n the multi-layer
structure of two layers or more, 1t 1s preferable that the active
maternal particle diameter of the active material layer closer
to the collector 1s made to be less than 5 um.

In addition, the electrolyte 1s preferably LiPF, or LiBF,
from the viewpoint that the power density 1s increased by
using a compound having high electrical conductivity.

Note that the particle diameter of the positive electrode
active material, the porosity and the thickness of the active
material layer can be measured by a method measuring
various particle distribution such as a screening test and a
sedimentation method, a specific gravity of constituent
substance, and a micrometer, respectively.

As described above, in the rechargeable lithium ion
battery of this embodiment, the high power density can be
obtained while maintaining the energy density. Therefore, 1t
can be utilized best as a power source of the electric vehicle

and the hybrid vehicle.
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EXAMPLES

[Relation Among the Particle Diameter of the Positive
Electrode Active Material, the Thickness of the Active
Maternial Layer and the Porosity Thereof, and the Power
Density

Example 1

Lithium manganese oxide (LiMnQO,) having the average
particle diameter of 3 um was used as the positive electrode
active material. The specific surface area of the positive
electrode active material was about 3 m?/g. 75 wt % of the
positive electrode active material, 10 wt % of acetylene
black as the conductive material and 15 wt % of PVDF as
the binder were mixed in NMP and coated on the aluminum
fo1l (collector). Thus, a plurality of positive electrodes
having the different porosities of the active material layers in
the thickness of the active material layer of 60 um were
tabricated. The porosity was adjusted by the amount of the
solvent, drying conditions and the pressing of the electrode.
Metal lithum was used for the negative electrode active
material, and a mixture of PC and DMC (volume ratio 1:1),
in which 1M of LiPF, was dissolved, was used as the
clectrolytic solution. Thus, a plurality of the rechargeable
lithium batteries having the different porosities of the active
maternal layers were fabricated.

Comparative Example 1

A plurality of the rechargeable lithium batteries having
the different porosities were fabricated by using the same
conditions as those of Example 1 except that the average
particle diameter of the positive electrode active material 1s
30 um.

Comparative Example 2

A plurality of the rechargeable lithium batteries having
the different porosities were fabricated by using the same
conditions as those of Example 1 except that the thickness
of the active material layer 1s 10 um.

FIG. 5 shows the relation between the porosity of the
active material layer and the power density (a relative value
when setting the power density at 40% of the porosity as 1)
of the rechargeable lithium 10n battery 1n each of Example
1, Comparative example 1 and Comparative example 2. The
power density of the battery of Example 1 reached the
maximum value at a range of 50 to 60% of the porosity,
while the power density of the batteries of Comparative
examples 1 and 2 are reduced as the porosities became
larger.

|Effects of the Active Material Layer Structure Having Two
Layers with Diflerent Porosities]

Example 2

The lithium manganese oxide (LiMnQO,) having the aver-
age particle diameter of 3 um was used as the positive
clectrode active material. The specific surface area of the
positive electrode active material was about 3 m*/g. 75 wt %
of the positive electrode active material, 10 wt % of acety-
lene black as the conductive material and 15 wt % of PVDF
as the binder were mixed in NMP and coated on the
aluminum foi1l (collector). Thus, a first active material layer
having the porosity of 40% and the thickness of 30 um was
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formed. Moreover, a second active material layer having the
porosity of 60% and the thickness of 30 um 1n the same
composition was layered on the first active material layer.
The porosity was adjusted by the amount of the solvent, the
drying conditions and the pressing of the electrode. The
rechargeable lithium 10n battery was fabricated by using the
positive electrode having the two active material layers of
the diflerent porosities, which were fabricated as described
above, the negative electrode containing the negative elec-
trode active material, which consists of the metal lithium,
and the electrolytic solution that consists of the mixture of
PC and DMC (volume ratio 1:1) dissolving 1M of LiPF

therein.

Example 3

The lithium manganese oxide (LiMnQO,) having the aver-
age particle diameter of 3 um was used as the positive
clectrode active material. The specific surface area of the
positive electrode active material was about 3 m*/g. 75 wt %
of the positive electrode active material, 10 wt % of acety-
lene black as the conductive material and 15 wt % of PVDF
as the binder were mixed in NMP and coated on the
aluminum foil (collector). Thus, the positive electrode hav-
ing the 50% porosity of the active material layer and the 60
um thickness of the active matenal layer was fabricated. The
porosity was adjusted by the amount of the solvent, the
drying conditions and the pressing of the electrode. The
rechargeable lithium 10n battery was fabricated by using the
positive electrode fabricated as described above, the nega-
tive electrode active material that consists of the metal
lithium, and the electrolytic solution that consists of the
mixture of PC and DMC (volume ratio 1:1) dissolving 1M
of L1PF therein.

Example 4

The lithium manganese oxide (LiMnQO,) having the aver-
age particle diameter of 3 um was used as the positive
clectrode active material. The specific surface area of the
positive electrode active material was about 3 m*/g. 75 wt %
of the positive electrode active material, 10 wt % of acety-
lene black as the conductive substance and 15 wt % of
PVDF as the binder were mixed in NMP and coated on the
aluminum foil (collector). Thus, the first active material
layer having the porosity of 40% and the thickness of 20 um
was formed. Moreover, the second active material layer
having the porosity of 60% and the thickness of 40 um in the
same composition was layered on the first active material
layer. The porosity was adjusted by the amount of the
solvent, the drying conditions and the pressing of the elec-
trode. Thus, the positive electrode having the active material
layer of the two layer structure with the total thickness ot 60
um was fabricated. The rechargeable lithium 1on battery was
tabricated by using this positive electrode, the negative
clectrode using the negative electrode active material that
consists of the metal lithium, and the electrolytic solution
that consists of the mixture of PC and DMC (volume ratio

1:1) dissolving 1M of LiPF therein.

FIG. 6 shows the power density (a relative value when
setting the power density of Example 3 as 1) of the battery
in each of Examples 2 to 4. The power density increased by
allowing the active matenial layer to have the two layer
structure. In addition, 1n the case of the two layer structure,
the power density could be increased more effectively when
the thickness of each active material layer 1s set at 30 um or
less.
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Next, FIG. 7 shows the energy density (a relative value
when setting the energy density of Example 3 as 1) of the
battery 1n each of Examples 2 to 4. The energy densities of
Examples 2 and 3 were equal. This 1s because the average
porosities of Examples 2 and 3, and the amounts of the
positive electrode active material of Examples 2 and 3 are
equal severally. Although the power density of Example 4
increased 1n comparison with Example 3 having the active
material layer of the single layer structure, the energy
density was smaller.

|Effects of the Active Material Layer Structure Having Two
Layers with Different Particle Diameters of the Positive
Electrode Active Material|

Example 5

Two kinds of the lithium manganese oxide (LiMnO.,)
having the average particle diameter of 3 um and 9 um were
used as the positive electrode active material. 75 wt % of the
positive electrode active material with the average particle
diameter of 3 um, 10 wt % of acetylene black as the
conductive substance and 15 wt % of PVDF as the binder
were mixed in NMP and coated on the aluminum foil
(collector). Thus, the first active material layer having the
thickness of 30 um was fabricated. The second active
material layer having the thickness of 30 um, which was
fabricated 1n the same method by using the positive elec-
trode active material having the average particle diameter of
9 um, was layered on the first active material layer. The
positive electrode having the active material layer of the two
layer structure with the thickness of 60 um was thus fabri-
cated. The rechargeable lithtum 1on battery was fabricated
by using this positive electrode, the negative electrode
containing the negative electrode active material that con-
sists of the metal lithtum, and the electrolytic solution that
consists of the mixture of PC and DMC (volume ratio 1:1)
dissolving 1M of LiPF therein.

Example 6

The positive electrode having the active material layer of
the single layer structure with the thickness of 50 um was
tabricated 1n the same method as that of Example 5 by using
the lithium manganese oxide (LiMnO,) having the average
particle diameter of 3 um as the positive electrode active
material. The rechargeable lithtum 1on battery was fabri-
cated by using the positive electrode, the negative electrode
containing the negative electrode active material, which

consists of the metal lithium, and the electrolytic solution
that consists of the mixture of PC and DMC (volume ratio
1:1) dissolving 1M of LiPF therein.

FIG. 8 shows the power density (a relative value when
setting the power density of Example 6 as 1) in each of
Examples 5 and 6. Example 5 having the active material
layer of the two layer structure 1n which each layer has the
different particle diameter shows the higher power density.
In addition, FIG. 9 shows the energy density (a relative value
when setting the energy density of Example 6 as 1) 1n each
of Examples 5 and 6. The energy densities of Examples 5
and 6 were equal. This 1s because the amounts of the positive
clectrode active material of Examples 5 and 6 are equal.

|[Effects of the Thicknesses of the Two Active Material
Layers with Different Particle Diameters of the Positive

Electrode Active Material]
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Comparative Example 3

Two kinds of the lithium manganese oxide (LiMnQO,)
having the average particle diameters of 3 um and 9 um were
used as the positive electrode active material. 75 wt % of the
positive electrode active material with the average particle
diameter of 3 um, 10 wt % of acetylene black as the
conductive substance and 15 wt % of PVDF as the binder
were mixed in NMP and coated on the aluminum foil
(collector). Thus, the first active material layer having the
thickness of 20 um was fabricated. The second active
material layer having the thickness of 40 um, which was
tabricated in the same method by using the positive elec-
trode active material having the average particle diameter of
9 um, was layered on the first active matenial layer. The
positive electrode having the active material layer of the two
layer structure with the thickness of 60 um was thus fabri-
cated.

The rechargeable lithium 1on battery was fabricated by
using the positive electrode, the negative electrode contain-
ing the negative electrode active maternial that consists of the
metal lithium, and the electrolytic solution that consists of
the mixture of PC and DMC (volume ratio 1:1) dissolving
1M of LiPF therein.

FIG. 10 shows the power density (a relative value when
setting the power density of Comparative example 3 as 1) 1n
cach of Comparative example 3 and Example 6. The power
density of Comparative example 3 1s low because the usage
rate of the active matenial near the separator 1s reduced due
to the large particle diameter of the positive electrode active
maternal closer to the separator and the usage rate of the
positive electrode active material near the collector was also
reduced since the thickness of the active material layer
closer to the separator was thick. In addition, FIG. 11 shows
the energy density (a relative value when setting the energy
density of Comparative example 3 as 1) 1n each of Com-
parative example 3 and Example 6. The specific energies of
Comparative example 3 and Example 6 were equal. This 1s
because the amounts of the positive electrode active material
of Comparative example 3 and Example 6 are equal.

[ Influence of the Particle Diameter of the Positive Electrode
Active Material and the Electrolyte Concentration to the
Power Density]

Example 7

The lithium manganese oxide (LiMnQO,) having the aver-
age particle diameter of 3 um was used as the positive
clectrode active material. 75% by weight of the positive
clectrode active material with the average particle diameter
of 3 um, 10% by weight of acetylene black as the conductive
substance and 15% by weight of PVDF as the binder were
mixed in NMP and coated on the aluminum foil (collector).
Thus, the positive electrode having the active matenal layer
with the thickness of 30 um was fabricated. A plurality of the
rechargeable lithtum batteries were fabricated by using this
positive electrode, the negative electrode containing the
negative e¢lectrode active material, which consists of the
metal lithtum, and the electrolytic solution that consists of
the mixture of PC and DMC (volume ratio 1:1) dissolving
LiPF_with the different concentrations therein.

Comparative Example 4

A plurality of the rechargeable lithium batteries were
tabricated by using the same conditions as those of Example
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7 except that the lithium manganese oxide (LiMnQO.,) with
the average particle diameter of 30 um was used as the
positive electrode active matenial.

FIG. 12 shows the relation between the electrolyte con-
centration and the power density (a relative value when
setting the power density at the time of 1 mol/l of the
clectrolyte concentration as 1) m each of Example 7 and
Comparative example 4. Example 7 had the maximum
power density when the electrolyte concentration was 2
mol/l. On the contrary, Comparative example 4 did not show
the power density increase even after the electrolyte con-
centration was increased.

[Influence of the Thickness of the Active Material Layer and
the Electrolyte Concentration to the Power Density]

Example 8

The lithium manganese oxide (LiMnQO,) having the aver-
age particle diameter of 3 um was used as the positive
clectrode active material. 75 wt % of the positive electrode
active material, 10 wt % of acetylene black as the conductive
substance and 15 wt % of PVDF as the binder were mixed
in NMP and coated on the aluminum foil (collector). Thus,
a plurality of the positive electrodes having the active
material layers with the different thicknesses were fabri-
cated. A plurality of the rechargeable lithium batteries were
fabricated by using these positive electrodes, the negative
clectrode containing the negative electrode active matenal,
which consists of the metal lithium, and the electrolytic
solution that consists of the mixture of PC and DMC
(volume ratio 1:1) dissolving LiBF, with the concentration
of 2 mol/l therein.

Example 9

The rechargeable lithium 1on battery was fabricated by
using the same method as that of Example 8 except that
LiBF, with the concentration of 1 mol/l was used as the
clectrolytic solution.

FIG. 13 shows the relation between the thickness of the
active material layer and the power density (a relative value
when setting the power density at the time of 100 um 1n the
layer thickness of Example 9 as 1) of Examples 8 and 9. As
shown 1n FIG. 13, when the thickness of the active material
layer 1s 2080 um, preferably 20-60 um, high power den-
sities are obtained. The power density of Example 8 having
the preferable electrolyte and the electrolyte concentration
was twice as high as that of Example 9.

The entire contents of Japanese Patent Application P2000-
257766 (filed Aug. 28, 2000) are incorporated herein by
reference. Although the inventions have been described
above by reference to certain embodiments of the mven-
tions, the inventions are not limited to the embodiments
described above. Modifications and variations of the
embodiments described above will occur to those skilled 1n
the art, 1n light of the above teachings.

The scope of the mventions 1s defined with reference to
the following claims.

What 1s claimed 1s:
1. A rechargeable lithium 1on battery, comprising;:
(a) a positive electrode comprising:

a collecting electrode; and

an active material layer formed on the collecting elec-
trode,
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the active matenal layer containing particles of a
positive electrode active maternial within a pre-
scribed particle size range,
the active matenal layer having a layer thickness
within a prescribed layer thickness range,
the active material layer comprising
a {irst active material layer having a first porosity
within a {irst porosity range, and

a second active material layer having a second
porosity within a second porosity range higher
than the first porosity range, wherein the {first
active material layer and the second active
material layer contain particles of substantially
the same particle size;

(b) a negative electrode; and

(c) a non-aqueous electrolytic solution.

2. The rechargeable lithhum 1on battery as claimed in
claim 1, wherein the first porosity range i1s apart from the
second porosity range.

3. The rechargeable lithtum 1on battery as claimed in
claim 1, wherein the first active material layer 1s closer to the
collecting electrode than the second active material layer.

4. The rechargeable lithhum 1on battery as claimed in
claam 1, wherein the active material layer has an average
porosity thereof adjusted within a prescribed average poros-
ity range.

5. The rechargeable lithium 1on battery as claimed in
claim 4, wherein the average porosity range 1s set within a
range of 50% or more.

6. The rechargeable lithium ion battery as claimed in
claim 5, wherein the average porosity range 1s set within a
range of 50% to 60%.

7. The rechargeable lithium 1on battery as claimed in
claim 5, wherein the particle size range 1s set within a range
of 5 um or less 1n terms of an average particle diameter.

8. The rechargeable lithtum 1on battery as claimed in
claim 7, wherein the layer thickness range 1s set within a
range of 20 um to 80 um.

9. The rechargeable lithhum 1on battery as claimed in
claim 8, wherein the layer thickness range 1s set within a
range of 20 um to 30 um.

10. The rechargeable lithtum 1on battery as claimed 1n
claim 8, wherein the active material layer comprises:

the first active matenal layer formed with a first thickness

on the collecting electrode; and

the second active material layer formed with a second

thickness on the first active matenal layer,

the first and second thicknesses are each set within a range

of 20 um to 30 um,

the first active material layer has the first porosity within
a range of 30% to 50%, and
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the second active material layer has the second porosity
thereof within a range of 50% to 60%.

11. The rechargeable lithtum 1on battery as claimed in
claaim 1, wherein the positive electrode active material
comprises lithium manganese oxide.

12. The rechargeable lithium 1on battery as claimed in
claim 1, wherein the non-aqueous electrolytic solution con-
tains a concentration of electrolyte within a range of 1.0

mol/l to 3.0 mol/l.

13. The rechargeable lithium 1on battery as claimed in
claam 12, wherein the concentration of electrolyte 1s set
within a range of 1.5 mol/l to 2.5 mol/l.

14. The rechargeable lithium 1on battery as claimed in
claim 1, wherein the non-aqueous electrolytic solution con-
tains an electrolyte comprising one of LiPF, and LiBF,.

15. The rechargeable lithium 1on battery as claimed in
claim 1, wherein the first and second active material layers
have a thickness thereof within a range of 20 um to 30 um.

16. A rechargeable lithtum 1on battery comprising:
(a) a positive electrode comprising;
a collecting electrode; and

an active matenal layer formed on the collecting elec-
trode,

the active material layer containing particles of a
positive electrode active material within a pre-
scribed particle size range,

the active maternial layer having a layer thickness
within a prescribed layer thickness range,

the active material layer having a local porosity
thereof changed along a direction of the layer
thickness,

wherein the active material layer comprises:

a first active material layer formed with a first
porosity; and
a second active material layer formed with a

second porosity changed from the first porosity,
wherein

the first active matenal layer 1s closer to the
collecting electrode than the second active
material layer, and the first porosity 1s lower
than the second porosity; and

wherein the first active material layer and the
second active material layer contain particles of
substantially the same particle size;

(b) a negative electrode; and
(c) a non-aqueous electrolytic solution.
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